Introduction 22
Soils and nearshore sediments comprise a carbon (C) reservoir that is 3.2 times larger 23 than the atmospheric C pool [Burd et al., 2016] Tfaily et al., 2017 ], but we still lack an understanding of why some OC 37 remains stabilized for millennia whereas other OC is rapidly oxidized [Schmidt et al., 2011] . 38
The ability of microorganisms to oxidize complex OC is an important constraint on C 39 cycling because OC is a mixture of compounds with different propensities for biotic oxidation 40 [Hedges and Oades, 1997; Hedges et al., 2000] . Within terrestrial research, OC oxidation is 41 often framed within the concept of 'priming,' whereby microbial oxidation of chemically-42 complex, less bioavailable OC is fueled by the addition of more bioavailable and 43 thermodynamically favorable OC compounds [Kuzyakov, 2010] . However, the applicability of 44 priming in aquatic environments is unclear [Bengtsson et al., 2014; Bianchi, 2011; Guenet et al., 45 2010] . Aquatic systems, and in particular nearshore environments, frequently experience mixing 46 of terrestrial and aquatic C sources with distinct chemical character, providing a theoretical basis 47 for priming expectations [Bengtsson et al., 2014; Guenet et al., 2010] . Consistent with priming, 48 Guenet et al. [2010] proposed that this mixing generates "hotspots" or "hot moments" of 49 biological activity facilitated by complementary C resources. Alternatively, OC stabilization in 50 sediments is tightly linked to organomineral interactions, which provide physical protection from 51 extracellular enzyme activity [Hedges and Keil, 1995 Liquid N 2 -frozen sediment profiles were collected as outlined in Moser et al. [2003] 112 using a method developed by Lotspeich and Reed [1980] and modified by Rood and Church 113 [1994] . A pointed stainless steel tube (152 cm length, 3.3 cm outside diameter, 2.4 cm inside 114 diameter) was driven into the river bed to a depth of ~60cm. Liquid N 2 was poured down the 115 tube for ~15 minutes, until a sufficient quantity of material had frozen to the outside of the rod. 116
The rod and attached material were removed from the riverbed with a chain hoist suspended 117 beneath a tripod. Profiles were placed over an aluminum foil lined cooler containing dry ice. 118
Frozen material was removed with a mallet. The material was then wrapped in the foil and 119 transported on dry ice to storage at -80°C. In the lab, profiles were sectioned into 10cm depth 120 intervals from 0-60cm in an anaerobic glove bag (n = 6 per profile, except for the lowest 121 elevation in the non-vegetated transect which was sectioned only from 30-60cm due to low 122 recovery yield from 0-30cm; total n = 33 MeOH has a polarity in between that of water and CHCl 3 , it extracts both water-soluble and 167 bound-OC pools (i.e., a mix of compounds that water and CHCl 3 extract), and Tfaily et al. [2015] 168 demonstrated compositional overlap between water-soluble and MeOH extracted OC pools. In 169 this study, we are interested in the differences in OC composition between pure water-soluble 170 and bound-OC pools, and we focus our discussion on H 2 O-and CHCl 3 -extractions only. We use 171 H 2 O-and CHCl 3 -extracted OC as proxies for readily bioavailable (i.e., weakly bound) vs. less 172 bioavailable (i.e., mineral-and microbial-bound) pools, respectively. 173
Extracts were prepared by adding 1 ml of solvent to 100 mg bulk sediment and shaking in 174 2 mL capped glass vials for two hours on an Eppendorf Thermomixer. Samples were removed 175 from the shaker and left to stand before spinning down and pulling off the supernatant to stop the 176 extraction. The residual sediment was dried with nitrogen gas to remove any remaining solvent, 177 and then the next solvent was added. proposed by Kujawinski and Behn [2006] , modified by Minor et al. [2012] , and previously 215 described in Tfaily et al. [2017] . Chemical formulae were assigned based on the following 216 criteria: S/N >7, and mass measurement error <1 ppm, taking into consideration the presence of 217 C, H, O, N, S and P and excluding other elements. To ensure consistent formula assignment, we 218 aligned all sample peak lists for the entire dataset to each other in order to facilitate consistent 219 peak assignments and eliminate possible mass shifts that would impact formula assignment. We 220 implemented the following rules to further ensure consistent formula assignment: (1) 221 consistently pick the formula with the lowest error and with the lowest number of heteroatoms 222 and (2) assignment of one phosphorus atom requires the presence of at least four oxygen atoms. 223 224
Identification of putative biochemical transformations using FTICR-MS 225
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To identify potential biochemical transformations, we followed the procedure detailed by 226
Breitling et al. [2006] and employed by Bailey et al. [2017] . In essence, the mass difference 227 between m/z peaks extracted from each spectrum with S/N>7 were compared to commonly 228 observed mass differences associated with biochemical transformations. All possible pairwise 229 mass differences were calculated within each extraction type for each sample, and differences 230 (within 1ppm) were matched to a list of 92 common biochemical transformations (e.g., gain or 231 loss of amino groups or sugars, Table S1 ). pathway), we found 415 unique peaks that were assigned putative molecular formulae and that 252 corresponded to compounds present in KEGG pathways. Additionally, we defined assignments 253 at the pathway level (i.e., by "map" number) instead of using enzyme level classification (i.e., 254 EC number) in order to aggregate compounds found within the same pathways. This was done to 255 facilitate functional interpretation. 256
Although we acknowledge our results do not represent a comprehensive analysis of all 257 microbial metabolic pathways present in a sample, we assume that KEGG pathways containing 258 more peaks detected by FTICR-MS within a sample are more likely to be active than those with 259 fewer mapped peaks. We further reduced possible random matches by assessing correlations 260 with aerobic metabolisms as described in the 'Statistical Methods' section below, and we 261 compare results across samples to yield insight into microbial pathways in each sample beyond 262 that which can be garnered from biochemical transformations. The results are, however, 263 conceptually congruent with those derived from the biochemical transformation analyses 264 described in the preceding sub-section. The KEGG pathway and transformation analyses are 265 independent of each other, yet provided consistent insights, and thus together they provide 266 greater confidence in our interpretations. 267 268
Statistical Methods 269
All statistical analyses were conducted using R software (https://www.r-project.org/). 270 FTICR m/z intensities were converted into presence/absence data prior to analysis because 271 To examine differences in OC composition between transects, we used the 'vegan' 274 package to construct a Sorenson dissimilarity matrix for all m/z's identified (i.e., we included 275 peaks with or without assigned formula) within each OC pool (water-soluble or 276 physicallybound). Differences between vegetation states (i.e., V vs. NV) were tested with 277 PERMANOVA with permutations stratified by depth to account for non-independence among 278 samples from the same core (999 permutations, 'vegan') and visualized using Non-metric 279
Multidimensional Scaling (NMDS, 'vegan'). One sample (NV, upper profile, depth 30-40cm) 280
was removed due to peak interference during FTICR-MS, and three samples (NV, middle 281 profile, depths 00-10cm, 10-20cm, 20-30cm) were excluded, because we were unable to collect 282 sufficient sample mass for all analyses. 283
To reveal transformations associated with aerobic metabolism and to study differences in 284 those transformations across vegetation states, we determined the number of times a given 285 transformation occurred within each OC pool in each sample. Specifically, for each of the 92 286 compounds in our set of biochemical transformations, we counted the number of times in each 287 sample that transformation was observed to yield an estimate of the prevalence or 'abundance' of 288 each transformation in each sample. We correlated these abundance estimates to rates of 289 metabolism using linear mixed models in which transformations were a fixed effect and depth 290 was a random effect. Mixed models were compared to null expectations (i.e., models including 291 only random effects) with ANOVA to determine significance. Significant relationships were 292 interpreted as biochemical transformations possibly associated with biotic OC oxidation. To 293 evaluate how transformations associated with OC oxidation varied across vegetation states, we 294 2017; used the abundances of those transformations across all samples to calculate Bray-Curtis 295 dissimilarity. Resulting Bray-Curtis dissimilarities were used to visualize multivariate 296 differences among samples using non-metric Multidimensional Scaling (NMDS, 'vegan'), and 297 we statistically evaluated separation between vegetation states with PERMANOVA (999 298 permutations stratified by depth, 'vegan'). We refer to H 2 O-and CHCl 3 -soluble OC pools at V 299 and NV, respectively, as V-W ('vegetated water'), V-B ('vegetated bound'), NV-W ('not 300 vegetated water'), and NV-B ('not vegetated bound') for the remainder of the manuscript. 301
Similar to our analyses of biochemical transformations, we found the number of m/z's 302 that mapped to a given KEGG pathway. We make the assumption that pathways with more m/z's 303 mapped to them have a higher probability of actively contributing to biogeochemical function. 304
To identify which pathways were most likely to contribute to aerobic metabolism, we tested the 305 relationship between the number of m/z's mapped to a given KEGG pathway within each sample 306 and aerobic metabolism using linear mixed models with depth as a random variable as per our 307 analyses of biochemical transformations. Pathways with significant relationships were 308 interpreted as influencing OC oxidation, and the following analysis was conducted only with 309 those pathways. To estimate relative abundances, the number of peaks mapping to each KEGG 310 pathway in a sample was normalized by the total number of peaks mapping to any KEGG 311 pathway (within the sample) that was significantly related to aerobic metabolism. To reveal 312 groups of pathways co-varying with each other across vegetation states and OC pools, we 313 statistically clustered pathways that correlated with aerobic metabolism. Clustering was based on 314 pathway relative abundances in each vegetation state and pool type. Clusters were determined 315 using the 'hclust' algorithm in R with the 'complete linkage' clustering method and visualized 316 using the 'pheatmap' package. 317 We note that we could not account for possible non-independence between the 3 cores 340 obtained within each transect. Given one replicate per depth per core within each transect, core 341 identity cannot be accounted for with mixed models, due to identifiability issues in model 342 estimation, once accounting for depth. However, we emphasize that the locations within each 343 transect were selected to represent a broad range of conditions within each vegetation state. That 344 is, higher elevation cores were located near vegetation (vegetated state) or in a mostly barren 345 cobbled bank (unvegetated state) in locations that submerge seasonally; lower elevation cores 346 were in locations that are usually submerged below river water and the middle elevation 347 represented a transitional location (Figure 1 ). The three positions within each transect therefore 348 sampled a broad range of conditions with the potential to cause variation in OC composition and 349
cycling. This sampling design enabled a regression-based analysis. 350 We originally hypothesized that OC composition/cycling would vary continuously across the 351 broad range of sampled conditions. Our analyses, however, showed that for some key aspects of 352 the data, the two sites grouped together instead of showing continuous variation. That is, despite 353 within-transect variation in the physical environment, we observed coherence in OC 354 composition/cycling within each transect. In turn, we provisionally infer that the presence or 355 absence of riparian vegetation strongly constrained OC composition/cycling within the hyporheic 356 zone of our system. The inference is made possible by the two transects being near each other 357 such that most other features of the study system were similar between the two transects (e.g., 358
aqueous chemistries, hydrology, mineralogy, temperature, light cycles, etc.). The major feature 359 distinguishing the two transects was the presence or absence of riparian vegetation. However, as 360 noted above, we consider our inferences to be foundational for future studies because we did not 361 sampling multiple plots within each vegetated state. 362 inputs and/or variation in OC processing. Additionally, total OC content explained only 42% of 377 aerobic metabolic rates across both sites (R 2 = 0.42, P = 0.0009) and had no significant influence 378 on metabolism within each site (V: P = 0.69, NV: P = 0.10, Figure S4 ). This suggests that factors 379 beyond bulk OC content influenced aerobic metabolism. We hypothesized that variation in OC 380 composition was responsible for variation in aerobic metabolism within each vegetation state. 381
The following sections explore this possibility. 382 383 Table 2 ). In comparing differences in transformations occurring within the water-soluble OC 393 pool, we observed higher abundances of amino-and sugar-associated transformations for V-W 394 relative to NV-W. Twenty-six and four of these transformations co-varied significantly with 395 aerobic metabolism in V-W and NV-W, respectively. These V-W transformations were primarily 396 associated with simple C molecules (e.g., glucose, Table 2 
Associations between C transformations and aerobic metabolism
These differences suggest that an increased supply of bioavailable compounds in 408 vegetated areas leads to bound-OC being less involved in aerobic metabolism, relative to 409 unvegetated areas where bound-OC appears to be heavily involved in aerobic metabolism. The 410 concept of priming [Kuzyakov, 2010] 
Associations between microbial metabolic pathways and aerobic metabolism 421
Because we observed stark differences in the identity of OC transformations that 422 correlated with aerobic metabolism across vegetation states, we hypothesized that the microbial 423 metabolic pathways associated with OC transformations were also dependent on vegetation state. 424
Indeed, pathways associated with OC oxidation were distinct at V vs. NV, supporting our 425 hypothesis that there were differences in the metabolic processing of OC in the presence or 426 absence of riparian vegetation. Specifically, while the metabolism of plant-derived compounds 427 appeared to be a major driver of aerobic respiration at both vegetation states, metabolism at V 428 mostly involved readily bioavailable plant derivatives in the water-soluble OC pool, and 429 metabolism at NV was associated with plant derivatives in the bound-OC pool ( Figure 5) . 430 . The priming conceptual framework would predict that terrestrial inputs associated with 493 riparian vegetation should condition microbial communities to oxidize less thermodynamically 494 favorable C, such as that found in the bound-OC pool. In such a scenario, inputs of 495 thermodynamically favorable carbon should-by minimizing community-level energy 496 constraints-allow for the rise of microbial physiologies that can oxidize less favorable C 497 [Kuzyakov, 2010] . In this case, a significant relationship between thermodynamic favorability 498 and aerobic metabolism in the V-W pool should lead to a similar relationship within the V-B 499 
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Conceptual model for OC oxidation at terrestrial-aquatic interfaces 510
Based on our work, we propose a new view of OC oxidation along terrestrial-aquatic 511 interfaces in which the oxidation of bound-OC is limited by terrestrial inputs from riparian 512 vegetation (Figure 7 ). While our work represents a single system, our conceptual model is 513 derived from ultra-high resolution measurements that provide greater mechanistic insight into 514 OC cycles than traditional measures. Our model is therefore meant to provide a basis for more 515 spatially extensive experiments that will allow for broader transferability. 516
We hypothesize that riparian vegetation sustains inputs of water-soluble compounds to 517 nearshore OC pools, resulting in a larger thermodynamically favorable, water-soluble OC pool 518 (Figure 7b ). This leads to higher overall C content in nearshore sediments and elevated rates of 519 aerobic respiration relative to areas with less riparian vegetation. Our data also suggest that in the 520 presence of riparian vegetation, microbial carbon oxidation primarily uses the water-soluble OC 521 pool with minimal oxidation of bound-OC due to physical and/or thermodynamic protection of 522 . [Hunter et al., 2016] , inhibiting the bioavailability of OC. 527
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In contrast, non-vegetated riparian zones provide little input into water-soluble OC pools 528 (Figure 7a) , and rates of metabolism and C pool sizes are lower in these environments. Carbon 529 oxidation in these non-vegetated zones occurs primarily within the bound-OC pool, albeit more 530 slowly and as product of different biochemical and metabolic pathways than in vegetated 531 environments (e.g., complex C transformations and lipid-based metabolism of plant derivatives 532 at NV). We posit that water-soluble pools in non-vegetated sediments are sufficiently small that 533 investing in enzymes needed to metabolize this OC pool results in a net energy loss. Instead, 534 microbes in unvegetated areas must invest in cellular machinery to access bound-OC, and our 535 results imply that the cellular machinery needed to access bound-OC is distinct from the 536 machinery needed to access water-soluble OC. 537 Interestingly, aerobic metabolism within both types of sediments is related to a depletion 538 of thermodynamically favorable compounds; however, this occurs in water-soluble OC pools in 539 vegetated zones and bound-OC pools in non-vegetated zones. That is, microorganisms in both 540 environments are constrained to the metabolism of their primary substrate pool but preferentially 541 oxidize more thermodynamically favorable compounds within that pool. This suggests that 542 microorganisms are conditioned to metabolize a subset of compounds within sediment OC, 543 possibly defined by thermodynamic or physical protection mechanisms, but operate under 544 common thermodynamic constraints once adapted to oxidize a certain OC pool. 545
Broader Implications 547
Our work is particularly relevant to CO 2 emissions in light of changes in land cover and 548 precipitation, and the influence of these perturbations to on C fluxes across terrestrial-aquatic 549 interfaces. Carbon moving across terrestrial-aquatic interfaces has been examined primarily for 550 its propensity to be oxidized along land-to-sea continuums regimes. Associated changes in plant phenology, morphology, and establishment will impact the 557 quantity, quality, and distribution of terrestrial material entering aquatic systems [Knapp et al., 558 2008], and we currently have an incomplete understanding of how these patterns will vary across 559 ecosystems and precipitation patterns [Fang et al., 2005; Knapp et al., 2008] . A mechanistic 560 framework for C oxidation that captures impacts of heterogeneity in vegetation in river corridors 561 will therefore aid in predicting how terrestrial-aquatic interfaces respond to ongoing 562 perturbations. Here, we demonstrate that increases in the flux of terrestrial C to aquatic systems 563 may lead to larger mineral-bound C pools by physically and thermodynamically protecting these 564 pools. Conversely, we demonstrate a potential for oxidation of mineral-bound C pools in areas 565 with diminished terrestrial C inputs. 566
Earth System Models (ESMs) depend on mathematical representations of C cycling, and 567 the continued development of these models is tightly coupled to conceptual advances drawn 568 ESMs. To address this knowledge gap, we propose a new conceptual framework of OC 573 dynamics based on analysis of in situ observational data that explicitly considers a central 574 challenge in model improvement--biochemical, metabolic, and thermodynamic mechanisms 575 governing OC oxidation along terrestrial-aquatic interfaces. Our results directly contrast those 576 expected within a 'priming' framework, and we advance that water-soluble thermodynamically 577 favorable OC associated with riparian vegetation protects thermodynamically less favorable 578 bound-OC from oxidation. We also demonstrate differences in biochemical and metabolic 579 pathways associated with metabolism of water-soluble and bound-OC pools in the presence or 580 absence of riparian vegetation, furthering a processed-based understanding of terrestrial-aquatic 581 interfaces. Our research provides an opportunity to enhance the mechanistic underpinning of OC 582 oxidation process representations within ESMs and proposes interactions between OC 583 thermodynamics and mineral-inhibition of OC oxidation as a key future research need. 584 585 Author Contributions. 586 EBG was responsible for conceptual development and data analysis and was the primary writer 587 with guidance from JCS and MT. ARC, AEG, CTR, ECR, DWK, and JCS were responsible for 588 experimental design and data collection. MT was responsible for all FTICR processing, and LB 589 assisted with data analysis. All authors contributed to manuscript revisions. 590 591 . 
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